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一：暖白光 LED 用近紫外光激发下转换荧光粉 
    本文采用高温固法制备了稀土掺杂硼酸盐和磷酸盐下转换荧光粉；我们依据
稀土掺杂发光原理的不同将荧光粉分为了两类进行研究：一类是基于 4f-4f 跃迁
稀土掺杂近紫外光激发三基色 LED 荧光粉，另一类是基于 4f-5d 跃迁稀土掺杂近
紫外光激发三基色 LED 荧光粉。我们详细的研究了这两类下转换荧光粉的发光
性能，并尝试了在暖白光 LED 中的应用，研究结果如下： 
(1) ：采用高温固相法制备了 Tm3+，Tb3+，Eu3+，Dy3+，Sm3+等稀土单掺或
共掺的 KMgBO3 以及 NaBaBO3 基质的荧光粉，并研究了该类基于 4f-4f 跃迁稀土
掺杂近紫外光激发三基色 LED 荧光粉的制备及发光性能。 
   对稀土掺杂 KMgBO3 体系，通过密度泛函理论计算研究了该基质的电子结构
以及态密度，分析可知 KMgBO3 是带隙宽度为 4.37 eV 的间接带隙材料，是一种






3+）研究了稀土单掺 KMgBO3 的 4f-4f 跃迁发光性能。研究发现，
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迁，发出蓝光。在 377 nm 激发下，KMgBO3:Tb
3+荧光粉会由于 Tb3+中对应的 5D4
















0.537) 绿色区域。由于 Eu3+离子的 5D0 到
7
Fj (j = 1-4)的典型 4f-4f 跃迁，Eu
3+离子
掺杂的 KMgBO3 荧光粉产生了在 594, 614, 652 以及 705 nm 的峰值的红光发射，
色坐标位于(0.634, 0.356)。KMgBO3:Dy
3+在 362 nm 激发下可以发出位于 491 nm
的蓝色发光峰(4F9/2-
6






    对稀土掺杂 NaBaBO3 体系，通过密度泛函理论计算了该基质为 3.66 eV 的直
接带隙材料，NaBaBO3 的价带顶是由 O 原子的 2p 轨道所提供的而导带底是由
Ba 原子的 5d 轨道提供。在该体系中，我们更加系统的分析了不同稀土离子（RE 
= Tm




以获得蓝绿以及冷白光发射。Sm3+掺杂 NaBaBO3 荧光粉在 403 nm 激发下，获得
了峰值位于 560 nm（Sm3+离子 4G5/2 到
6
H5/2的 4f-4f 跃迁）最强黄光发射。通过
浓度优化，找到了 Tm3+，Tb3+，Sm3+以及 Dy3+掺杂 NaBaBO3 基质的最优掺杂浓
度，获得了更优的发光性能。对 Tb3+掺杂 NaBaBO3 体系荧光粉浓度淬灭机制分
析发现， 该系统能量传递临界半径为 14.6 Å, 浓度淬灭机制为电偶极-电偶极相
互作用。对 Tb3+或 Dy3+掺杂的 NaBaBO3 体系荧光粉研究了离子补偿剂以及温度
变化对发光性能的影响，研究发现在未掺杂电荷补偿剂前，由于三价稀土离子取
代而二价 Ba2+离子而造成了电荷失配产生了负价 Ba 空位 (VBa
′′ )，产生发光复合
中心。通过引入一价碱金属到三价稀土掺杂的 NaBaBO3 中，可以中和非平衡态











0.105 eV。以上 Tm3+，Tb3+，Sm3+，Dy3+单掺的 NaBaBO3 体系荧光粉发光最优



















3+中共掺 Eu3+来增强红光发射以提供色温，研究发现，由于 Dy3+离子与 Eu3+
离子之间 4f-4f 跃迁的能量传递，随着 Eu3+离子掺杂浓度的变化，在 361 nm 波长
的激发下可以获得色温可调节的白光，当 Eu3+掺杂量为 x = 0.09 时，Dy3+离子到
Eu
3+离子的能量传递效率可达 41.4%。最终通过优化共掺 Eu3+离子在单一基质荧
光粉体系中实现了色坐标为 (0.332,0.315)，色温为 5514.31 K 的白光发射，优化
了单掺 Dy3+离子色温过冷的情况。 
(2) ：采用高温固相法制备了 Eu2+稀土单掺 SrB2O4, Ca5(PO4)3Cl 以及 
Sr5(PO4)3Cl 基质研究了 4f-5d 跃迁稀土掺杂近紫外光激发蓝色 LED 荧光粉，并研
究了其发光性能及其在近紫外光激发暖白光 LED 中的应用。 
    首先研究了近紫外光激发 Eu2+掺杂 SrB2O4 硼酸盐荧光粉，该样品由于 Eu
2+
离子从 4f 基态到 5d 激发态的跃迁，以及弛豫后的电子从 5d 态到 4f 基态的跃迁，
因此在激发和发射光谱中可以观察到在 270-350 nm 有很宽的激发峰（峰值位于
308 nm），在 350-500 nm 范围内宽的发射峰（峰值位于 448 nm），在近紫外光 308 
nm 的发射的色坐标为(0.1417, 0.1072)坐落于蓝光区域。通过分析浓度对发光性
能的影响发现当掺杂浓度 x = 0.06 时发光最强，能量传递临界半径为 13.98 Å, 浓
度淬灭是由于电偶极-电偶极相互作用引起的。 
    对 Eu2+掺杂的 Ca5(PO4)3Cl 磷酸盐体系下转换荧光粉，首先通过密度泛函理
论计算可以得到 Ca5(PO4)3Cl 是禁带宽度为 5.30 eV 的间接带隙材料。通过对稀
土 Eu2+离子掺杂的 Ca5(PO4)3Cl 磷酸盐样品研究发现，Ca5(PO4)3Cl:Eu
2+体系荧光
粉该荧光粉能够基于 Eu2+离子的 4f-5d 跃迁被 260 nm 至 420 nm 的近紫外光所激
发，发出 400 至 530 nm 峰值位于 456 nm 的宽带蓝光发射，Eu2+离子的最佳掺杂
溶度为 2 mol%，Eu2+浓度淬灭机制为电偶极-电偶极相互作用。该体系荧光粉热
稳测试表明当温度升至 150℃时，其发光强度为起始的 58.2%，热激活能为 0.254 
eV。基于该荧光粉的采用 385 nm 芯片激发手工制备封装的蓝光 LED 器件在肉
眼下可以看到耀眼的蓝光，其色坐标为 (0.1480, 0.0350)。通过使用该蓝色荧光
粉 Ca5(PO4)3Cl:Eu
2+、掺 Eu2+ 绿色荧光粉以及掺 Eu2+红色荧光粉基于 395 nm 的
InGaN 的芯片制作了白光 LED 器件，该白光 LED 器件在驱动电流 350 mA 以及
3.25 V 的电压驱动下可以得到显色指数高达 96.65，色温为 3902 K 以及色坐标位
















对 Eu2+掺杂的 Sr5(PO4)3Cl 磷酸盐体系下转换荧光粉，通过密度泛函理论可
以得到 Sr5(PO4)3Cl 晶体为禁带宽度价带顶在 M 点导带底在 Г 点为 5.01 eV 的间
接带隙材料，其导带底主要是由 Sr-4d 态提供，价带顶 O-2p 态提供。通过对稀
土 Eu2+离子掺杂的 Sr5(PO4)3Cl 磷酸盐样品研究发现，Eu
2+离子掺杂的 Sr5(PO4)3Cl
体系荧光粉基于 Eu2+离子的 4f-5d 跃迁能够被 250 nm 至 400 nm 的近紫外光所激
发，发出 410 至 490 nm 峰值位于 444 nm 的宽蓝光发射，色坐标为(0.1540, 0.0230)
位于蓝光区域，色纯度为 99.0%。Eu2+离子的最佳掺杂溶度为 1 mol%，在该体系
中，Eu2+离子在该体系中的淬灭机制为电偶极-电偶极相互作用。该体系荧光粉
热稳测试表明当温度上升至 150℃时，其发光强度为起始的 87.61%，热激活为
0.194 eV，具有良好的热稳定性。该样品在 395 nm 波长激发下量子效率为 80.53%。
通过使用该蓝色荧光粉 Sr5(PO4)3Cl:Eu
2+、掺 Eu2+绿色荧光粉以及掺 Eu2+红色荧
光粉基于 395 nm 的 InGaN 的芯片手工封装制作了白光 LED 器件，该白光 LED
器件在驱动电流 350 mA 以及 3.25 V 电压驱动下，该白光 LED 器件的色温，显
色指数以及色坐标被分别为 3567.84 K, 94.65 以及(0.3952, 0.3790)，流明效率为
33.25 lm/W。2016 年通过厦门华联电子有限公司机器点胶封装，在显色指数高于


















3+所对应的峰值位 538,592 以及 620 
nm 的发射峰，对应于 Eu3+离子的 5D0 到
7




























得最好的性能提升，器件的短路电流密度从 35.99 mA/cm2提高到了 37.09 mA/cm2，






(2) ：本文首次将水热法合成的无稀土掺杂的 Zn3V2O8 纳米下转换材料应用
于太阳电池领域，研究发现通过水热法制备的 Zn3V2O8 纳米下转换材料的粒径在








T2 能级的跃迁能够吸收大部分位于 200-400 nm 的近紫外光并
通过辐射跃迁将其转换发射在 450-600 nm的宽峰，峰值位于 530 nm处的黄绿光。
通过将该纳米材料制备成 5 mg/ml 的乙醇溶液旋涂至多晶硅太阳电池表面，结果
可以发现涂覆有 Zn3V2O8 纳米粉体的多晶硅太阳电池的开路电压和填充因子基


























Currently, the commercial white light emitting diodes (W-LEDs) are made using 
a blue GaN-based chip with a yellow-emitting YAG:Ce
3+
 phosphors. However, the 
disadvantages of this approach lead to nonuniform white light, high correlated color 
temperature, low color-rendering index and especially featuring redundant blue light 
may damage human eyes, which result in unsuitable for the indoor lighting 
applications. A promising alternative approach for generating warm W-LED for 
indoor lighting application is by pumping tricolor phosphors (blue, green and red) 
with near-ultraviolet (near-UV) chips. One key point of this approach is to develop 
the efficiency, near-UV pumped down- conversion (refer to accord with the “Stokes” 
conversion rather than quantum cutting) tricolor phosphors. On the side, owing to the 
restriction of band gap width of Si, the utilization of sunlight at wavelength blow 420 
nm is low. As a result, using the down- conversion tricolor phosphors, which can 
efficiently be pumped near-UV light, to enhance the performance of the crystal Si cell 
become a research hotspot in the photovoltaic area. 
In the present study, down-conversion tricolor phosphors for warm W-LED and 
down conversion solar cell application were investigated and the results concluded as 
follows: 
Part 1: Near-UV pumped down-conversion tricolor phosphors for warm W-LED 
application 
In this paper，rare earth doped borate, phosphate down-conversion tricolor 
phosphors for warm W-LED application were synthesized via high-temperature 
solid-state method; those phosphors were classified into two categories based on the 
different of luminescence principle. One is based on 4f-4f transitions, another is based 
on 4f-5d transitions, the results concluded as follows: 
(1) : Rare earth (RE= Tm3+，Tb3+，Eu3+，Dy3+，Sm3+) single-/co- doped KMgBO3 
and NaBaBO3 down-conversion tricolor phosphors for warm W-LED application 
were synthesized via high-temperature solid-state method, the preparation and 




























 doped KMgBO3 phosphors were synthesized high via 











 doped KMgBO3 phosphors were calculated to be (0.169, 0.016), (0.146, 
0.062), (0.258, 0.537), (0.634, 0.356) and (0.280, 0.304), which located in purple-blue, 







 doped KMgBO3 phosphors was calculated as high as 98.0%, 94.0%, 
and 97.0%. The results demonstrate that rare earth doped KMgBO3 samples are both 
good candidates for near-UV pumped tricolor phosphors. 
   For rare earth doped NaBaBO3 system, a series of rare earth doped Tm
3+，Tb3+，
Sm
3+，Dy3+ doped and Dy3+,Eu3+co-doped NaBaBO3 phosphors were synthesized high 
via temperature solid state method, Tb
3+
 doped NaBaBO3 phosphor can be pumped by 
377 nm near-UV light and birthed 543 nm green light, this phosphor features good 
thermal stability, activate energy of thermal quenching is calculated to be 0.113 eV; 
Sm
3+
 doped NaBaBO3 can emit the highest 560 nm yellow light when excited by 403 









 has been demonstrated to be a 











 doped NaBaBO3 phosphors were calculated to be (0.1470, 
0.1090), (0.2860, 0.4640), (0.4760, 0.5090) and (0.3010，0.3080)，which located in 





, the correlated color temperature (CCT) can be improved by control 
concentration of Eu3+. Finally, white emitting with CIE chromaticity coordinate of 
(0.332,0.315) and relative low CCT of 5514.31 were obtained.  
(2) : Eu2+ doped SrB2O4, Ca5(PO4)3Cl and Sr5(PO4)3Cl down-conversion tricolor 
phosphors for warm W-LED application were synthesized via high-temperature 
solid-state method, the preparation and luminescent properties of this type 4f-5d 
transition based phosphors were investigated. 
   For Eu
2+
 doped SrB2O4 phosphor, blue emitting with 97% color purity could be 
obtained when SrB2O4:Eu
2+
















effectively excited within the broad near-UV wavelength region from 270 to 350 nm 
and feature a satisfactory blue-emitting (peaking at 448 nm) performance due to the 
4f-5d transitions of Eu
2+
 ions.  
    For Ca5(PO4)3Cl:Eu
2+
 phosphor,  Ca5(PO4)3Cl:Eu
2+ 
blue-emitting phosphor was 
prepared via a high-temperature solid-state reaction method. The Ca5(PO4)3Cl host 
was calculated to be a wide indirect band gap of approximately 5.30 eV by density 
functional theory. Ca5(PO4)3Cl:Eu
2+
 could be efficiently excited by 260-420 nm 
near-UV light and feature a board emission from 400 to 530nm and peaking at 456nm, 
the optimized Eu
2+ 
concentration is 2mol% and the concentration quenching 
mechanism can be explained by the dipole–dipole interaction. A near-UV white LED 





 doped green phosphor, and Eu
2+
 doped red 
phosphor, the excellent color rendering index of 96.65 at a CCT of 3902 K with CIE 
coordinates of (0.3952, 0.3790) was obtained for the fabricated near-UV pumped 
W-LED when driven using a current of 350 mA and a voltage of 3.29 V. 




 doped Sr5(PO4)3Cl blue-emitting phosphor 
was prepared by high-temperature solid-state reaction method. Sr5(PO4)3Cl host was 
calculated to be a wide indirect band gap of approximately 5.01 eV from the top of 
valence band at M point to the bottom of conduction band at Г point by density 
functional theory. Sr5(PO4)3Cl:Eu
2+
 could be efficiently excited by 250-400 nm 
near-UV light and feature a board emission from 410 to 490 nm and peak at 444 nm, 
the color purity was determined to be 99 %, the optimized Eu
2+ 
concentration is 1 
mol % and the physical mechanism of concentration quenching can be explained by 
the dipole–dipole interaction. It can be found that the emission intensity measured at 
150 
o
C drops to 87.61% of the initial value measured at 27 
o
C and the activating 
energy of thermal quenching is calculated to be 0.113 eV, demonstrating this phosphor 
feature a good thermal stability. A near-UV white LED was manual fabricated using a 





 doped green phosphor, and Eu
2+
 doped red phosphor, the excellent 

















0.3790), with the luminous efficiency of 33.25 lm/W was obtained for the fabricated 
near-UV pumped W-LED when driven using a current of 350 mA and a voltage of 





 doped green phosphor, and Eu
2+
 
doped red phosphor, mechanical fabricated by Xiamen Hualian Elec.Co., Ltd shows 
the high luminous efficiency of 80.87 lm/W in 2016. The results demonstrate a warm 
white LED can obtain by near-UV chip pumped tricolor phosphors. 
Part 2: Near-UV pumped down-conversion tricolor phosphors for warm W-LED 
application 
   In this paper，Rare-earth doped and rare-earth free vanadate down-convention 
nano phosphors for the application in polycrystalline Si area were synthesized by 
hydrothermal method. The results concluded as follows: 




 down-conversion nanoparticle synthesized by a 
hydrothermal method was firstly applied in polycrystalline silicon solar. The 




 can be efficiently 






, and emit 





 colloid on polycrystalline silicon solar, the results show that both 
high and low concentration colloid cannot efficiently improve the performance of 




 colloid concentration with 5 mg/ml gave the 
best improvement of polycrystalline silicon solar. The short-circuit current density Jsc 
increased from 35.99 mA/cm
2
 to 37.09 mA/cm
2
, efficiency increased from 14.71 % to 
15.14 %, net efficiency increased by 0.43%. EQE result confirmed that the 





 down-conversion nanoparticle can efficiently improve the 
performance of polycrystalline silicon solar. 
(2) : Rare earth doping-free Zn3V2O8 down-conversion nanoparticle synthesized 
by a hydrothermal method was firstly applied in the solar cell area. The nanoparticles 
are ranging from 20 to 30 nm. Zn3V2O8 down-conversion nanoparticle could 
















nm). By spin coating 5 mg/ml Zn3V2O8 down-conversion nanoparticle colloid which 
dissolved in ethanol on polycrystalline silicon solar, the results show that the 





, while the fill factor FF and open circuit voltage Voc remain 
unchanged, net efficiency increased by 0.32% from 13.19 % to 13.51 %. A 
remarkable improvement in the near-UV area from EQE result demonstrates that the 
promotion of Jsc results from down-conversion effect.This work demonstrated that 
the polycrystalline silicon solar could be efficiently improved by rare earth 
doping-free down-conversion materials. 
 
Keywords: down-conversion; near-UV pumping; warm white-LED; polycrystalline 
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